• To account for the negative T wave observed in the left ventricular cavity and the upright T waves in leads taken over the left ventricle, it is assumed that the recovery process may be represented by an electromotive surface with its negative side facing the endocardium and its positive side facing the epicardium. It is paradoxical that in normal hearts this electromotive surface has the same orientation from the standpoint of polarity that a similar model does for the activation process, despite the fact that activation and recovery are opposite processes. This reversed direction of the electromotive surface during recovery is explained on the basis that recovery of muscle units across the ventricular wall is not a uniform process and that there is a more rapid recovery at the epicardial layer compared with the endocardial layer. Previous studies by one of the authors 1 ' 2 using measurements of the effective refractory period as an index of the duration of local recovery have shown that, when the T wave as recorded over the left ventricle is positive, recovery is completed more rapidly at the epicardial than at the endocardial surface. 11 (b) warming or cooling of the heart surface, 11 -14 and (c) temperature changes of the endocardium 1B~17 on the T wave have been well-documented. These studies suggest that regional variations in myocardial temperature could play a role in determining the polarity of the T wave. Lepeschkin 18 was the first to observe that the epicardium was approximately 1°C warmer than the cavity. Engelking and Bienroth in noted a temperature difference of 0°t o 0.5°C between the maximum in the left ventricular myocardium and the cavity blood, with the maximum usually located in the outer third of the myocardium. These two studies provide a possible explanation for the more rapid recovery in the outer ventricular layers associated with the normal upright T wave, but Engelking and Bienroth also observed that the ventricular gradient could be altered independently of myocardial temperature.
• To account for the negative T wave observed in the left ventricular cavity and the upright T waves in leads taken over the left ventricle, it is assumed that the recovery process may be represented by an electromotive surface with its negative side facing the endocardium and its positive side facing the epicardium. It is paradoxical that in normal hearts this electromotive surface has the same orientation from the standpoint of polarity that a similar model does for the activation process, despite the fact that activation and recovery are opposite processes. This reversed direction of the electromotive surface during recovery is explained on the basis that recovery of muscle units across the ventricular wall is not a uniform process and that there is a more rapid recovery at the epicardial layer compared with the endocardial layer. Previous studies by one of the authors 1 ' 2 using measurements of the effective refractory period as an index of the duration of local recovery have shown that, when the T wave as recorded over the left ventricle is positive, recovery is completed more rapidly at the epicardial than at the endocardial surface.
Since propagation of recovery has not been convincingly demonstrated except under un-usual experimental conditions," the more rapid recovery observed in the outermost layers of the ventricle must be explained by local factors which selectively affect the duration of recovery. Temperature is known to alter myocardial recovery time and the polarity of the T wave. Bayliss and Starling 4 published the first studies showing electrocardiographic changes caused by varying the temperature of inspired air and by direct application of cold to myocardium. Temperature exerts a profound effect on the duration of the transmembrane action potential r> as well as the Q-T interval of the electrocardiogram.
0 ' 7 The electrocardiographic effects of (a) heating or cooling of the thorax, 8 "
11 (b) warming or cooling of the heart surface, 11 -14 and (c) temperature changes of the endocardium 1B~17 on the T wave have been well-documented. These studies suggest that regional variations in myocardial temperature could play a role in determining the polarity of the T wave. Lepeschkin 18 was the first to observe that the epicardium was approximately 1°C warmer than the cavity. Engelking and Bienroth in noted a temperature difference of 0°t o 0.5°C between the maximum in the left ventricular myocardium and the cavity blood, with the maximum usually located in the outer third of the myocardium. These two studies provide a possible explanation for the more rapid recovery in the outer ventricular layers associated with the normal upright T wave, but Engelking and Bienroth also observed that the ventricular gradient could be altered independently of myocardial temperature.
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included the right ventricle and septum of the dog and the left ventricle of man would be of interest. In addition, a further attempt was made to correlate the left ventricular temperature gradient with the T-wave polarity by techniques which permit temperature measurements without exposing the heart to room air and by pericardial irrigations of warm saline.
Methods
Dogs were anesthetized with pentobarbital, 30 mgAg of body weight. Patients were given only local 1% lidocaine anesthesia. All measurements were made with a thermocouple inserted by percutaneous right or left ventricular puncture. The appropriate chamber was identified in every instance by pressure measurements prior to the insertion of the thermocouple. The technique of percutaneous left ventricular puncture in man was that described by Brock et al. 20 as modified by one of the authors. 21 In the dog, the needle was inserted one intercostal space lower than, and about one cm lateral to, the point of maximum impulse of the heart.
The thermocouple was made of chromel-alumel wire enclosed in a stainless steel jacket of appropriate size (0.019" O.D.) to fit inside a no. 21-gauge six-inch thin-wall needle. The thermocouple stylus was made two inches longer than the needle so that after insertion, the needle itself could be retracted over the thermocouple, thereby leaving only the thermocouple in the ventricular cavity. Once this operation was completed there was litde danger to the animal or the patient since the thermocouple stylus was quite flexible. With the thermocouple in place and free of the needle, it was then pulled by hand through the myocardium at a rate of approximately one cm in 40 to 120 seconds. The amplifier was a photoelectric chopper type d-c microvoftmeter.* The reference junction for the thermocouple was a compensating network preset at 37.7°C.t
As an additional precaution, the reference junction compensator and the proximal part of the thermocouple were enclosed in an insulated plastic box to prevent wide variations in ambient temperature. The probe could be removed for sterilization. By having the reference junction close to the temperature being measured, zero suppression never exceeded 40 microvolts. Calibration was accomplished by plotting the temperature of a water bath measured with a mercury thermometer * Type 425A made by Hewlett Packard. t Consolidated Ohmic Devices, New Hyde Park, New York. accurate to 0.10°C against the thermocouple voltage as indicated by a one-milliampere directwriting recorder.* The paper speed was set at 15 cm/min. Two scales were used, giving 0.073°a nd 0.023°C for one division respectively. The latter gave a full-scale (6") deflection for 1.1°C. Temperature changes could be read accurately to ± 0.02°C and absolute temperature could be measured accurately to ± 0.1°C.
The beginning of the withdrawal of the thermocouple was signalled by a marking device on the recorder. The time during withdrawal of the thermocouple when the thermocouple tip penetrated the endocardium after passing through the cavity could be sensed often enough to identify it as coincident with the initial temperature rise. Its exit from the epicardium could be recognized more easily by the sudden release of friction to the pull, by the loss of sensed myocardial contraction, and by the sudden drop in temperature as the probe entered the lung. Simultaneous electrocardiograms from lead n and/or a lead placed under the skin over the left ventricle were recorded during temperature measurements.
In three dogs the transmyocardial temperature gradient was measured after thoracotomy. Since the puncture of the ventricular wall was made under direct vision, the exact site of entry could be identified easily and the right or left ventricular cavity confirmed by pressure tracing. In two of the closed-chest dogs, after completion of the studies, the sites of percutaneous ventricular puncture were verified, and the thickness of the left and right ventricular wall and septum was measured.
Results
I. MEASUREMENTS IN CLOSED-CHEST DOGS
Ten dogs were successfully studied to obtain 124 transmyocardial temperature measurements. These were evaluated by measuring the difference between the maximum temperature observed in the myocardium (T M a0 and the temperature in the ventricular cavity (T c ). This measurement of difference is referred to in this paper as To-The transmyocardial temperature gradient, T G , was always positive in the dogs with closed chests with the exception of two measurements during ventricular fibrillation. The range of T o was 0.06° to 0.70°C with the highest temperature always located in the outer half of the ventricular wall. This
Reading from right to left, the thermocouple probe was pulled through the left ventricular cavity and free wall starting at arrow. T a measures 0.69°C. T wave in LV lead negative.
implies that the endocardium was invariably cooler than some point in the outer half of the ventricular wall. A representative curve of the left ventricular transmyocardial temperature measurement in a dog is shown in figure 1 . Reading from right to left, the thermocouple remained entirely within the left ventricular cavity for the initial 30 seconds of withdrawal. During this interval of time the temperature of the cavity was constant. As the probe tip passed through the inner half of the left ventricular wall, the temperature rose linearly until the maximum temperature was reached midway between the epicardial and endocardial surfaces. The temperature then reached a plateau, falling only as the tip passed through the outer fourth of the ventricular wall before entering the cooler lung area. The electrocardiogram recorded over the lateral surface of the ventricle revealed a negative T wave.
A characteristic right ventricular temperature curve is shown in figure 2 . The right ventricular cavity temperature often showed a small temperature variation (0.02° to 0.07°C) which was found to be characteristic of this chamber. This is not an artefact produced by thermocouple movement, for to the right of the arrow in figure 2 the probe was held steady, while to the left the withdrawal has begun and the same small undulations are noted. The temperature variations in the cav- the needle from the left ventricular side through the septum to the right ventricular cavity. Both the left and right ventricular cavities were respectively identified by recording the appropriate pressures. This technique permits more accurate comparison of temperatures of the two cavities than do separate ventricular punctures. This is particularly true in comparing the right and left ventricular cavity temperatures where the difference may be very small. The mean difference in temperature between the right ventricular cavity and the left ventricular cavity was found to be 0.1°C. The individual differences in three animals were respectively 0.16°, 0.12°0 .10°, 0.00°, 0.02°, 0.04°, 0.12°, and 0.23°C Thus, the temperature inside the left ventricle was found uniformly to be lower than that inside the right ventricle, with the exception of one instance in which the temperature was identical. An example of the transmyocardial gradient in both left and right ventricles is shown in figure 3 . The temperature of the left ventricular cavity was slightly lower (0.04°C) than that in the right ventricular cavity. The slightly irregular temperature of the septum is shown with the maximum temperature in the anatomic center of the septum. Only part of the right ventricle tracing is shown, but the temperature gradient appears smaller than the left. In the left ventricular wall the maximum temperature was reached in the junction between the outer and middle thirds with definite cooling of the epi- 
Comparison of T o of right ventricle with left ventricle in the same animal suggests that the maximum transmyocardial temperature gradient (T a ) is dependent on the thickness of the ventricle.
dog size; whereas in the case of the right ventricle a close correlation was observed between T o and the weight of the dog (fig. 4 ). The range of T G measured from the left ventricle compared with the weight is shown in figure 5 . The apex of the left ventricle gave the smallest T G of any region studied in the left ventricle, and this is believed to be related to the thinness of the myocardial wall at this point. As shown in figure 6 , correlation of To with the thickness of the ventricular wall is best described by comparing TG of the right ventricle with that of the left in the same animal. Here the mean T o for the right ventricle is about one-half that for the left ventricle.
Comparison of T G of the left ventricle with the simultaneously recorded electrocardiogram revealed a poor correlation between T-wave polarity and the transmyocardial temperature gradient (table 1) . Since no canine electrocardiograms which showed conduction defects were included and since all dogs had a maximum temperature located in the outer half of the ventricular wall, the finding of a negative or flat T wave in six out of twelve observations was considered to be inconsistent with the idea that recovery process is solely influenced by the temperature.
TEMP'C
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• Demonstrating disappearance of the transmyocardial temperature gradient when the heart was exposed to room air by opening the chest. The T wave was negative both prior to opening the chest, when T a measured 0.69°C, and afterward. 
Pericardial irrigation with warm saline caused T waves to become upright in the top set of tracings (4.53 PM). Time of measurement and T o are indicated to the left and the electrocardiogram lead II (upper) and a lead beneath the skin over the left ventricle (lower) in each set of tracings. Pericardial irrigation was stopped after tlie top set and the ventricle was allowed to cool. The T waves became negative (middle set of tracings, 5.00 PM) but T o was still large. The bottom set (5.03 PM) shows disappearance of the transmyocardial temperature gradient without a further change in the T waves.
II. MEASUREMENTS IN OPEN-CHEST DOGS AND EFFECTS OF PERICARDIAL IRRIGATION WITH WARM SALINE
After opening the thoracic cage, the transmyocardial temperature gradient became small or disappeared altogether, and the T waves frequently became negative. In no instance in which the heart was beating did the gradient show any tendency to reverse. Figure  7, taken from an open-chest dog weighing 20.5 kg, shows a negligible difference in temperature between the left ventricular wall and cavity. Prior to thoracotomy this animal showed a T G of 0.69°C and the T waves were also negative in a lead taken over the left ventricle.
Attempts to modify the temperature gradient and the T wave by warm pericardia] irrigation in this same animal are shown in figure 8 . The time and T G are shown at the left side of this figure, and T-\vave changes are shown at the right. During pericardial irrigation (top of fig. S ) the temperature line went off scale, but T G was at least 2.07°C, and the T wave in lead u and in the left precordial lead became positive. Pericardial irrigation was then stopped, and the ventricle was allowed to cool for seven minutes. The T wave became negative in both leads, but measurements of T G still showed a large temperature difference between the left ventricular wall and cavity. Thus, at this moment even though the T wave was negative, the epicardium was definitely warmer than the endocardium. Three minutes later the transmyocardial temperature gradient decreased to 0.16°C. Despite this large change in the transmyocardial temperature, no further change was seen in the T wave. This series of measurements illustrates how warm saline pericardial irrigation selectively warms the epicardial side of t!,^ myocardium and causes a previously negative T wave to become upright. Since the T wave reverted to negative prior to the time the transmural temperature gradient became flat, it must be concluded that the change in the T wave from positive to negative during the period of cooling was not due to the temperature gradient alone and therefore must be explained partly by other factors.
III. MEASUREMENTS IN MAN
Similar transmyocardial temperature measurements were made in the left ventricle of five patients with rheumatic heart disease. Circulating ground currents giving falsely high readings rendered the data unreliable in three of these. This problem was not encountered in the work on dogs and was completely solved by the use of a floating ground on the output of the d-c amplifier.* From the remaining two patients, four transmyocardial temperature measurements were made, all within the region of the apex of the left ventricle. The gradients were similar to those obtained in dogs. The small amplitude of these gradients " We are indebted to guest lecturer, Richard McFee, Ph.D., for suggesting this technique. 
FIGURE 10
Similar to figure 9 . This patient has predominant mitral stenosis and T waves that are upright in chest leads V5 and V6.
was perhaps related to the thinness of the ventricular wall at the apex.
The first patient was a 53-year-old man who had rheumatic heart disease with combined aortic stenosis and insufficiency and mitral insufficiency. There was radiologic and electrocardiograph ic evidence of left ventricular hypertrophy. The T waves were inverted in the left precordial leads. The temperature in the left ventricular cavity was 37.4°C and two measurements of T G were 0.37°C and 0.21°C respectively. One of these measurements is shown in figure 9 .
The second patient was a 38-year-old man who had rheumatic heart disease with predominant mitral stenosis. The electrocardiogram showed atrial fibrillation and digitalis
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effect. The T waves were upright in the left precordial leads. The To obtained by two measurements were 0.26°C and 0.42°C respectively. One of these measurements is illustrated in figure 10 .
Discussion
Abel et al.- 2 found that the transmural temperature gradient exerted greater influence on the T wave than either a right-to-left or apico-basal gradient. Thus, if a correlation exists between variations of regional temperature and the T wave, this should be revealed by transmural temperature measurements. The present studies have shown that in the closedchest dog and in man the temperature varies across the myocardium with the endocardium of the left ventricle cooler than either the middle or outer third of the wall and that this kind of temperature gradient is a fairly constant finding. This confirms Lepeschkin's 18 observations and those of Engelking and Bienroth. 19 The presence of a higher temperature in the outer layers of the left ventricular myocardium compared with the inner layers and cavity suggests that temperature may be a factor in producing the normal upright T wave. However, the same land of temperature gradient was found regardless of whether the T wave in the left precordial leads was positive or negative. This is shown by similar temperature curves observed (a) in dogs with either positive or negative T waves recorded in the left precordial leads, and (b) in two patients, one with negative T waves and another with positive T waves, registered in the left precordial leads. Furthermore, the experimental procedure of artificially modifying the transmyocardial temperature gradient with warm saline pericardial irrigation, causing both the T waves to become positive and increasing the transmyocardial gradient in the normal direction, shows a clear dissociation of T-wave polarity and temperature gradient when the pericardial solution is allowed to cool. The T wave reverted to negative before the abnormal reduction of the transmyocardial gradient was observed. Thus, the present study demonstrates that temperature is not the only factor which reverses the polarity of the T wave.
This study was not designed to explore factors which produce the normal higher epicardial temperature. It is possible that there is an uneven heat production across the myocardium just as the pressure and blood flow vary across this wall. Heat may be removed by blood flow both in the ventricular cavity and in the coronary system. That ventricular blood flow is an important factor in heat removal is shown by the finding that ventricular fibrillation abolished the pre-existing transmyocardial temperature gradient.
Cooling of blood in the lungs during each respiratory cycle is not sufficient to explain the left ventricular transmural temperature gradient because the difference in temperature between right and left ventricular cavities is only 0.1°C, whereas the left ventricular transmural temperature gradient usually exceeds 0.3°C.
Summary
The transmyocardial temperature gradient was measured in both right and left ventricles and in the septum of the dog by percutaneous ventricular puncture, using a no. 21 thin-wall needle fitted with a thermocouple stylus. The outer half of the left ventricular myocardium was invariably warmer than the endocardium. The peak temperature of the right ventricle was located midway between the endocardium and epicardium. The midseptal region was found to have a higher temperature than either its right or left endocardial aspects. The left ventricular cavity was cooler than the right ventricular cavity by a mean of 0.1°C.
The transmyocardial temperature gradient was measured successfully in the left ventricle of two patients with cardiac disease. As in the dog, the outer layers of the myocardium were warmer than either the endocardium or cavity in these two patients. In one patient the T waves in the left precordial leads were negative and in the other the T waves were upright in the same lead.
The location of peak temperature consistently in the outer half of the left ventricular wall may partly explain the normal upright T wave
